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By To obtain Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as °C = (F -32) / 1.8.
Datum
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Elevation, as used in this report, refers to distance above the vertical datum. 
Introduction
Seasonal, annual, and longer term variations in precipitation and air temperature can affect the timing and magnitude of numerous hydrologic processes that, in turn, affect natural resources, ecosystems, and society. Recent investigations conclude that many different hydrologic processes in New England are sensitive to variations in precipitation and air temperature. Various hydrologic variables, such as peak flows and the timing of winterspring streamflows, have changed during the last century and are expected to change in the future. Observed trends during winter and spring are largely related to changes in air temperature because of the sensitivity of snowpack to air temperature changes in New England. Trends during summer and fall are largely related to changes in precipitation.
The U.S. Geological Survey (USGS) published a framework for a hydrologic climate-response network in Maine (Hodgkins and others, 2009 ). The framework benefitted from a decade of climate-change-related investigations into many components of the water cycle in Maine and New England and demonstrated how relevant hydrologic data describing various components of the regional water cycle can be key indicators of climate change. This report expands the Maine framework to cover the New England region-a larger, more climatologically diverse area with a much greater population than Maine. The New England framework has four purposes:
• Identify specific hydrologic variables for inland areas that are sensitive to climate variation.
• Identify geographic regions with similar hydrologic responses.
• Propose a fixed-station monitoring network composed of existing streamflow, groundwater, lake ice, snowpack, and meteorological data-collection sites for evaluation of hydrologic response to climate variation.
• Establish basins for process-based studies and for estimates of future hydrologic conditions.
Although sea-level rise is an important climate-changerelated issue, it is not directly addressed by this proposed climate-response network, which focuses on inland hydrologic response. Much of the "Climate and Hydrology of New England" section of this report is updated text from Hodgkins and others (2009) .
Climate and Hydrology of New England
The climate of New England is complex and variable; latitude, proximity to the Atlantic coast, and variations in landsurface elevation exert determinative effects on the climate (New England Regional Assessment Group, 2001 ). New England is about halfway between the equator and the North Pole and is affected by warm, moist air from the south and cold, dry air from the north. The Atlantic Ocean moderates air temperatures in both winter and summer. In winter, the ocean variably affects the location of snow/rain boundaries. Despite the substantial effect of the ocean, the prevailing air flow is not from the Atlantic Ocean but from the drier North American continent. The mountainous topography of northern and western New England affects precipitation and air temperatures.
Precipitation is higher on the windward side of mountains than on the leeward side; however, because storm-track directions through the mountains are highly variable, the windward and leeward areas differ for different storms. Air temperature generally decreases with increasing elevation.
Streamflows in New England typically are highest in the spring, when rain falls on a ripe snowpack or on saturated soils. Streamflows recede as snowmelt ends and as evapotranspiration increases. This recession is frequently interrupted by runoff from rainstorms. Warm-season streamflows are usually lowest in August and September. In the fall, after evapotranspiration decreases substantially, repeated rains often saturate the soil and lead to high streamflows. Also in the fall, large amounts of rain can fall as a result of hurricanes, tropical storms, or their remnants. Winter streamflows are generally low in northern New England, where winter precipitation typically falls as snow. Winter streamflows in southern New England can be more variable than streamflows in northern New England because of more winter rain.
The snowpack in New England typically accumulates throughout the winter and reaches its maximum depth and water equivalent (the amount of water stored in the snowpack) in northern New England (where the snowpack is more substantial than in southern New England) in March or April. The median seasonal maximum depth of the snowpack from 1955 to 1992 varied from less than 8 inches (in.) in coastal Connecticut and Rhode Island to more than 32 in. in the mountains of western Maine and northern New Hampshire and in northern Maine (Cember and Wilks, 1993) . Most historical field-based data for snow water equivalent in New England have been collected in Maine. The average water equivalent on or near March 1 ranged from 3 to 5 in. along the Maine coast to 7 to 9 in. in the western mountains and in northern Maine (Loiselle and Hodgkins, 2002) . The 109 datacollection sites analyzed by Loiselle and Hodgkins (2002) had an average of 43 years of record through 2000. Almost all of the data-collection sites were lower than 2,000 feet (ft) in elevation and therefore do not represent the full range of average water equivalent in Maine, as many mountains have elevations higher than 2,000 ft.
Historical Climate and Hydrologic Changes in New England
Climate-related seasonal hydrologic changes have been documented in New England on the basis of data collected during the last 50 to 200 years. Many changes have been documented in winter and spring, whereas some changes have been found in summer and fall and for annual flow variables. Overall, there is strong regionally coherent evidence of changes consistent with increasing air temperatures in late winter and spring in the last 30 to 40 years in northern New England (Maine, New Hampshire, and Vermont).
Annual
Various changes in low to high annual streamflows in New England have been documented . Annual low streamflows significantly increased (p < 0.1) at several streamflow-gaging stations in northern New England from the early to mid-1900s through 2002. Annual peak flows have increased significantly during the last 50 to 100 years at several streamflow-gaging stations across New England Collins, 2009; Hodgkins, 2010a; Armstrong and others, 2012) . Annual maximum and minimum groundwater levels during the most recent 20 and 30 years have increased in northern New England ; in general, increases in maximum levels have been greater than increases in minimum levels, resulting in trends toward an increasing annual range. Weider and Boutt (2010) found groundwater levels increasing overall in New England in the last decade. Precipitation has increased in New England across all seasons (Karl and Knight, 1998; Douglas and Fairbanks, 2011; Hodgkins and Dudley, 2011) .
Sea level has been rising globally for the past 20,000 years largely because of melting continental ice sheets that accumulated during the last ice age (Poore and others, 2000) . One of the projected effects of climate warming is a continued rise in sea level caused by a combination of melting glaciers and ice sheets (on land) and thermal expansion of the ocean, called eustatic sea-level rise (Frumhoff and others, 2007) . Historical rates of relative sea-level rise (eustatic sea-level rise combined with the effects of land subsidence) measured along the coast of New England during the last century (48 to 101 years of data through 2013) range from 0.07 to 0.14 inches per year (in/yr; National Oceanic and Atmospheric Administration, 2014). Future estimated rates of eustatic sea-level rise range from 0.05 to 0.33 in/yr (Kirshen and others, 2008) . The USGS, in cooperation with the National Park Service, recently conducted a study to estimate future inundation of salt marshes in response to sea-level rise in Acadia National Park, Maine, and the surrounding region (Nielsen and Dudley, 2013) .
Winter and Spring
March mean streamflows increased significantly over time (p < 0.1) at 14 of 27 streamflow-gaging stations in New England; all of the significant increases were in northern New England. Flows increased 76 to 185 percent at the seven stations with the longest continuous records (1920s or 1930s through 2002) in northern New England . There were no stations with significant decreases. The streamflow changes in northern New England are likely related to changes in snowpack melt, though changes in precipitation patterns and other factors could also contribute to the changes in streamflow (Hodgkins and Dudley, 2006b) . Increased air temperatures cause increased late-winter flows through earlier snowmelt and more precipitation falling as rain. Eighteen of 23 snow-measurement sites in northern New England with at least 50 years of records had a significant decrease (p < 0.1) in late-winter snowpack depth or an increase in snowpack density (Hodgkins and Dudley, 2006a) . Increased snowpack density over time for a set late-winter date indicates that the snow has become more ready to melt by that date.
The ratio of December through March snowfall to total precipitation decreased significantly (p = 0.043) for the average of four U.S. Historical Climatology Network (USHCN) stations in northern New England from 1949 to 2000. The year-to-year ratio of snowfall to total precipitation in northern New England was correlated with air temperature (r = -0.45, p = 0.008) and total snowfall (r = 0.48, p = 0.0003) but not with total precipitation (r = -0.078, p = 0.59; Huntington and others, 2004) . This supports the idea that winter snow and runoff in New England have been more sensitive to air temperature changes than to changes in precipitation amount.
Huntington and others (2003) On average, for the nine rivers in northern New England with the longest records, river-ice occurrence (total number of winter days with ice-affected flow) decreased significantly (p = 0.0013) from 1936 to 2000 (Hodgkins, Dudley, and Huntington, 2005a) . Most of the 20-day change in the total days of ice occurred from the 1960s to 2000. Year-to-year river-ice occurrence was highly correlated with winter air temperature (r = -0.70, p < 0.0001) and less highly correlated with winter precipitation (r = -0.52, p < 0.0001). More days of river ice were associated with colder temperatures and lower precipitation (Hodgkins, Dudley, and Huntington, 2005a) .
Winter-spring streamflows became earlier at many rivers in New England during the 20th century; significant trends were mostly in northern New England. Most of the 1-to 2-week change in northern New England occurred in the most recent three decades through 2002 (Dudley and Hodgkins, 2002; Hodgkins and others, 2003; Hodgkins and Dudley, 2006b ). Winter-spring streamflow timing is based on the center-of-volume date-the date, each year, on which half of the winter-spring streamflow volume passes a streamflowgaging station. Historical winter-spring streamflow timing for the Piscataquis River in central Maine is shown in figure 1. Year-to-year streamflow timing was highly correlated with March-through-April air temperature (r = -0.72, p < 0.0001; Hodgkins and others, 2003) . Higher air temperatures were associated with earlier streamflows. The highest correlation coefficient between streamflow timing and precipitation was -0.37 (p = 0.0018) with January precipitation. May streamflows decreased significantly (p < 0.1) at 10 of 27 stations in New England; all of these decreases were in northern New England. Flows decreased 9 to 46 percent at the seven stations with the longest continuous records . No stations showed significant increases. Higher winter (December through March) precipitation is associated with higher April streamflows at many streamflow-gaging stations in northern and central New England (Hodgkins and others, 2012) . This indicates that snowpack accumulation is an important mechanism for winter water storage and subsequently important for spring streamflows in this area. Higher March air temperatures are associated with lower April streamflows at many streamflow-gaging stations in central and southern New England, likely because the majority of snowmelt runoff occurs before April in warm years. Dudley and Hodgkins (2013) documented increases in monthly groundwater levels in northern New England during the winter and spring during the past 30 years. The highest annual groundwater levels most commonly occur during spring or early summer (March through June), most frequently in April. April month-end levels correlate strongly with April mean streamflow and winter-spring runoff volume. While winter-spring streamflow timing in the Northeast has become earlier during the past century, this timing has not been observed to correlate with April groundwater levels or any other monthly groundwater levels .
On average, for the nine rivers in northern New England with the longest records, river-ice breakup dates (the annual last spring days of ice-affected flow) became significantly earlier (p = 0.0037) from 1936 to 2000. No appropriate riverice data were available in southern New England. Most of the 11-day change in river-ice breakup in northern New England occurred from the 1960s to 2000 (Hodgkins, Dudley, and Huntington, 2005a) . River-ice breakup was highly correlated with March-through-April air temperature (r = -0.73, p < 0.0001) and less highly correlated with precipitation (highest r = -0.37, p = 0.0027; Hodgkins, Dudley, and Huntington, 2005a) .
Lake ice-out dates became significantly earlier at all five lakes in New England that had data from the mid-1800s to the early 2000s (Hodgkins and others, 2002; Benson and others, 2012; Hodgkins, 2013) . Ice-out dates between 1859 and 2008 at representative lakes (Hodgkins and others, 2002) , were 8.4 days earlier in northern/mountainous areas of northern New England and 13.5 days earlier in more southern areas of northern New England (Hodgkins, 2013) . No long-term ice-out data are known from lakes in rural areas of southern New England. Historical ice-out dates for Damariscotta Lake in midcoastal Maine are shown in figure 2. The magnitude of trends over time depends on the length of the historical period considered. Lake ice-out dates during the last 50 years became earlier by 1.8 days per decade, based on the median change for all lakes with adequate data. This rate of change is much higher than those observed over longer historical periods; ice-outs became earlier by 0.6 days per decade during the last 75 years, 0.4 days per decade during the last 100 years, and 0.6 days per decade during the last 125 years (Hodgkins, 2013 ).
Summer and Fall
There is evidence of historical summer and fall hydrologic changes in New England. In summer, the lowest base flows increased from 1950 to 2006 at most streamflowgaging stations in western New England (Hodgkins and Dudley, 2011) . Many increases were greater than 20 percent, and some increases were greater than 50 percent in and near New Hampshire and Vermont. In contrast, some decreases were greater than 20 percent in the lowest base flows in northern and coastal areas of Maine. Summer air temperature in New England increased on average by 2.0 degrees Fahrenheit (°F) from 1950 to 2006 and may have played a role in the decreased base flows for streams in northern and coastal Maine by increasing evapotranspiration in areas with substantial wetlands and open-water bodies. Small decreases in precipitation in parts of this area may also have contributed to the base-flow decreases (Hodgkins and Dudley, 2011) .
The timing and magnitude of low flows (which typically occur in the late summer and early fall in New England) are much more highly correlated with summer precipitation than with air temperature (Hodgkins, Dudley, and Huntington, 2005b) . No strong relation was found between historical April streamflows and late-spring or summer streamflows in New England (Hodgkins and others, 2012) . The lack of a strong relation implies that summer precipitation, rather than spring conditions, controls summer streamflows. Dudley and Hodgkins (2013) documented increases in monthly groundwater levels in northern New England during the summer and fall during the past 30 years. The lowest groundwater levels most commonly occur during summer or fall (July through November), most frequently in September. September levels correlate strongly with August groundwater levels and August and September streamflows as well as with September base flow. Base flow from groundwater discharge typically supplies a large portion of streamflow during July, August, and September because of the relatively low amount of surface-water runoff in these months.
Summer stormflows increased from 1950 to 2006 by more than 50 percent at many stations in New England, particularly in and near New Hampshire and Vermont. Summer rainfall increased at most weather stations in New England from 1950 to 2006, with many increases of more than 20 percent in western New England (Hodgkins and Dudley, 2011) . Some consistent hydrologic changes during the fall in New England have been observed. Four of 16 rivers in northern New England had significantly later (p < 0.1) first fall days of river ice from the first half of the twentieth century to 2000; no rivers had significantly earlier first fall days of ice (Hodgkins, Dudley, and Huntington, 2005a) . Some significant changes in the timing or magnitude of fall high flows have been found (Hodgkins and others, 2003; Dudley and Hodgkins, 2005; . October streamflows significantly increased at five rivers in western New England through 2002; no rivers had significant decreases .
Drivers of Climate-Response Network Hydrologic Variables
Precipitation and (or) temperature variability typically drive the variability of hydrologic response. These meteorological drivers can differ by season. Organizing New England hydrologic climate-response variables by their important drivers increases understanding of which parts of the hydrologic cycle are expected to be affected by future temperature or precipitation change and whether the changes are expected to be caused by annual or seasonal changes (table 1). 
Future Hydrologic Changes in New England
Output from recent modeling using multiple atmosphereocean general circulation models (GCMs) provides a range of climate projections for the northeastern United States. The GCMs were regionally downscaled and were forced with the low (B1), mid-high (A2), and high (A1FI) greenhouse-gas emission scenarios as described by Nakićenović and others (2000) . Hayhoe and others (2007) used climate projections as input to the variable infiltration capacity (VIC) hydrologic model to simulate future hydrologic responses. Spring streamflow timing is expected to become earlier by 5 to 8 days, and annual 7-day low flows are expected to decrease by 1 to 4 percent between the periods 1961-90 and 2035-64 (Hayhoe and others, 2007) . Projected low-flow changes by midcentury are small under the low-and mid-high-emissions scenarios; however, under the high-emissions scenario, larger decreases (11 percent) are projected by the period 2070-99. The number of short-term and long-term droughts (based on soil moisture deficits) is expected to increase by the period 2035-64. Total annual snow-water equivalent and the number of days with snow per month are expected to decrease. The central tendencies of general circulation model output indicate modest increases (about 10 percent) for New England annual precipitation and air temperature increases from about 1.8 to 5.4 °F (1 to 3 degrees Celsius [°C] ) by the end of the century (Markstrom and others, 2012) .
Cathance Stream Basin in Maine (Mastin and others, 2011; Dudley and others, 2012) and Pomperaug River Basin in Connecticut (Bjerklie and others, 2012) were 2 of 14 distributed-parameter Precipitation-Runoff Modeling System (PRMS) existing watershed models in the United States used to determine the sensitivity and potential effects of long-term climate change on freshwater resources across the United States (Markstrom and others, 2012) . Regionally downscaled output from five GCMs and low (B1), medium (A1B), and mid-high (A2) greenhouse-gas emissions scenarios were used to estimate an ensemble of climate-change input scenarios for the basins. Projected increases in maximum and minimum daily air temperatures for all climate change scenarios for the 21st century result in projected decreases in the percentage of precipitation that falls as snow, snowpack water equivalent, and snowmelt. The projected changes in snowpack accumulation and melt would affect the seasonal amount and timing of streamflow. PRMS-modeled flows indicate that the projected changes in snowmelt timing will result in increases in streamflow for winter to early spring months (January through March) and decreases for spring months (April through June). The Cathance model indicates warmer winters will result in increased groundwater recharge during winter months (Pomperaug indicates future increases only for January) and decreases in recharge for all other times of the year. The Cathance and Pomperaug models indicate overall modest increases (about 10 percent) in precipitation over time, longer growing seasons, increases in evapotranspiration, and decreases in soil moisture (Markstrom and others, 2012 ).
Bjerklie and others (2011) estimated future changes in snowfall and groundwater recharge by using a regional watershed model for watersheds contributing to Long Island Sound, mostly from New England, including the Connecticut River Basin. GCM forecasted climate conditions were based on the B1 and A2 scenarios. Watershed model output for both scenarios for the end of the 21st century indicated increases in groundwater recharge over much of the region and substantial snowfall decreases across Massachusetts, Connecticut, southern Vermont, and southern New Hampshire relative to the beginning of the 21st century.
The USGS, in cooperation with the Maine Department of Transportation, studied changes in peak flows at four basins in coastal Maine on the basis of projected changes in air temperature and precipitation . The study used PRMS models to estimate future peak flows by way of a sensitivity analysis; a matrix of combinations that bracket probable future changes in precipitation and air temperature were applied to the historical meteorological input data for the models, and peak flows of specified annual exceedance probabilities (design flows) were computed from the PRMS model output for each basin. Air temperatures were adjusted by four different amounts, from -3.6 °F (-2 °C) to 10.8 °F (6 °C) of observed temperatures. Precipitation was adjusted by three different percentage values, from -15 percent to 30 percent of observed precipitation.
The study results indicated that increases in air temperature (with no changes in precipitation) lead to decreases in peak flows, a likely result of decreases in winter snowpack accumulation and thus decreases in snowmelt runoff. Increases in precipitation (with no changes in temperature) lead to increases in peak flows. For likely changes projected for the northeastern United States for the middle of the 21st century (combined temperature increase of 3.6 °F and precipitation increases of 0 to 15 percent), peak-flow changes at the four coastal Maine basins in this study were modeled to be evenly distributed between increases and decreases of less than 25 percent . Peak-flow increases caused by precipitation increases are largely balanced by peakflow decreases caused by air temperature increases.
Potential Effects of Hydrologic Changes
Effects of climate change on hydrology could affect human water supply, hydroelectric power generation, transportation infrastructure, and stream and riparian ecology in the northeastern United States. Earlier snowmelt runoff could affect sensitive water systems by reducing water availability in the summer. Managers of storage reservoirs may need to modify operation schedules or increase reservoir storage earlier in the spring to allow for successful operation in a potentially longer summer low-flow season.
Changes in streamflow in the northeastern United States could also be important for other reasons; for example, increased winter flows can and have caused an increase in the frequency of midwinter ice jams (Beltaos, 2002) . River ice jams can cause major flooding and damage river infrastructure. Ice jams played a major role in New England flooding in 1936 and 1991 (Grover, 1937; Wuebben and others, 1995) .
Changes in the timing or magnitude of future streamflows will likely affect ecosystems. The ecological implications of changes in winter-spring streamflow timing in New England are not well understood. One possible effect is a greater challenge for the survival of Atlantic salmon. If the peak spring migration of juvenile salmon from freshwater rivers (which is controlled by photoperiod, temperature, and flow) becomes out of phase with optimal environmental conditions in rivers, estuaries, or the ocean, this could present a greater challenge to salmon survivability (McCormick and others, 1998) . Changes in the timing of high spring flow and recession to summer low flows may be related to the observed altered timing of migration of Atlantic salmon (Huntington and others, 2003; Juanes and others, 2004) .
Trends toward earlier snowmelt and increased summer evapotranspiration rates could shorten the annual periods of standing water used by amphibians for breeding in forested depressional wetlands (vernal pools; Brooks, 2009) . Increases in summer evapotranspiration could decrease river base flows, which include surface water released naturally from storage in lakes, ponds, and wetlands (Hodgkins and Dudley, 2011) . Lowered base flows could reduce available fish habitat during low-flow periods.
River ice causes many erosional and depositional features in river channels and on channel floodplains, especially in northern New England. Physical disturbances associated with ice-breakup scouring and flooding are important to nutrient and organic-matter dynamics, water chemistry, and the abundance and diversity of river biota (Prowse and Beltaos, 2002) . The succession of riparian vegetation is directly linked to the scouring effects of ice (Prowse and Beltaos, 2002) . River-ice breakup is likely to have important effects on primary producers, consumers, and food-web dynamics of river biota, although detailed information describing the magnitude of their effects is scarce (Scrimgeour and others, 1994) . Mortality, emigration, or displacement of fishes at all life stages often results from severe ice conditions, through the actions of damming, scouring, associated flooding, or direct freezing (Power and others, 1993) . Anchor ice, slush ice that adheres to streambeds, can have serious effects on fish eggs and embryos developing within gravel beds (Prowse, 1994) . Anchor ice does not form when surface-ice cover is present, and therefore anchor ice could increase as surface-ice cover decreases.
Earlier lake ice-out dates are correlated with lower late-summer hypolimnion lake oxygen levels on the basis of limited data from northern New England (Hodgkins, 2013) . Climatic warming has been shown in modeling studies to cause earlier lake ice-out dates, longer periods of summer stratification, and lower summer lake oxygen levels (Stefan and others, 1993; Elo and others, 1998) . The lowering of hypolimnion oxygen levels could lead to enhancement of phosphorus release from sediments and increased lake eutrophication (Elo and others, 1998; Nõges and others, 2009) . Trends toward earlier ice-outs and thus increased light availability, lake circulation, and water temperatures could lead to changes in spring and summer phytoplankton and zooplankton dynamics and benthic invertebrate abundance (Jassby and others, 1990; Porter and others, 1996; Blenckner, Omstedt, and Rummukainen, 2002; Blenckner, Pettersson, and Padisák, 2002) .
In summary, historical climate-related seasonal hydrologic changes have been documented in New England in recent decades. Winter-spring hydrologic changes are related more to changes in air temperatures than to changes in precipitation; in contrast, summer-fall hydrologic changes are related more to changes in precipitation. Annual peak flows are affected by changes in both air temperature and precipitation. Future climatic changes will likely affect human infrastructure and stream ecology in New England.
Framework for a Hydrologic ClimateResponse Network
The framework of a hydrologic climate-response network for New England has four major purposes:
• Identify specific hydrologic variables that are sensitive to climate change. This has been done in the "Climate and Hydrology of New England" section.
• Identify climate-response regions: geographic regions grouped by similar hydrologic responses.
• Propose a fixed-station monitoring network composed of existing streamflow, groundwater, lake ice, snowpack, and meteorological data-collection sites for evaluation of inland hydrologic response to climate variation.
Climate-Response Regions
Hydrologic climate-response regions should have relatively homogeneous climates. New England's climate, as described in the "Climate and Hydrology of New England" section, is complex, with large north-to-south, coastal-toinland, and sea-level-to-mountain-region gradients. New England would be divided into 14 regions ( fig. 3 , table 2) that follow major river-basin boundaries, have relatively homogeneous climates, and contain data-network sites with similar values or trends in key hydrologic variables. The 14 lower tier regions would be grouped into 4 upper tier regions according to similarities that are most evident at a coarse geographic scale. The upper tier regions would each be identified by a four-digit sequence, and the lower tier regions Major river-basin boundaries were followed for hydrologic climate-response-region boundaries. The current proposed configuration of the climate-response regions is optimized to best fit the spatial patterns in key hydrologic variables that have already been identified, but results of additional analyses of hydrologic variations could inform changes to the boundaries and (or) number of hydrologic climateresponse regions in the future.
Primary Components and Associated Key Variables of a Hydrologic Climate-Response Network
Establishing a hydrologic climate-response network includes the identification of hydrologic components that include the major fluxes (such as streamflow) and storage compartments (such as groundwater storage) of the regional water cycle. Each component has one or more key variables that can be feasibly measured at data-collection sites. For example, streamflow has been identified as a component, with a key variable of streamflow being winter-spring streamflow timing. The key variables of components discussed in this section have been demonstrated to be responsive to climate change or are expected to be responsive to it in the next few decades, and are important for human water use or ecosystem function.
Three criteria were used to identify key variables to be included in a hydrologic climate-response data network: the existence of long-term historical data, the expectation that a variable will be responsive to changes in precipitation and (or) air temperature during the next few decades, and the human or ecological importance of the component variables. Long-term historical data allow a more complete perspective on future climate-related changes than short-term data because past decadal variability and longer term changes are better known. The "Climate and Hydrology of New England" section of this report lists known historical changes for variables of several hydrologic components and the known importance of these variables for humans and ecosystems. Many variables can be used to describe some of the components in a hydrologic climate-response data network. For example, streamflow variables could include annual peak flows, March mean flows, or many other measures. On the basis of extensive past work, some variables are more likely than others to be responsive to changes in precipitation and (or) air temperature (see "Climate and Hydrology of New England" section). Components proposed for inclusion in a hydrologic climate-response data network have at least one key variable with extensive historical data at multiple sites: streamflow, groundwater, lake ice, snowpack, and meteorological data. Other hydrologic components, such as water quality, are important to humans and (or) ecosystems but lack variables with extensive historical data. Key variables of primary components are listed in the following sections; additional components and (or) variables could be added as part of a larger network.
Streamflow
For the streamflow component, two key variables are proposed: winter-spring streamflow timing and the magnitude of the annual peak flow. Winter-spring streamflow timing is measured by the winter-spring center-of-volume (WSCV) date (Dudley and Hodgkins, 2002; Hodgkins and others, 2003; Hodgkins and Dudley, 2006b ). The WSCV is a robust measure of streamflow timing. To compute the WSCV date, daily flow volumes from the start to the end of the annual winter-spring season are summed. The WSCV date is the date, in counting from the start of the season, by which half of the volume flows by a streamflow-gaging station. Another key variable derived from streamflow data-the magnitude of summer base flows-is discussed in the "Groundwater" section.
The USGS has been measuring and recording daily streamflow at some sites in New England for more than a century. More than 50 years of streamflow data are available for many rural, unregulated streams through the USGS National Water Information System (http://waterdata.usgs.gov/ usa/nwis/sw). The streamflow data at these sites have been collected by the USGS using consistent, well-documented, high-quality methods (Corbett and others, 1943; Rantz and others, 1982) . Therefore, historical changes in the data can be determined with confidence.
Streamflow data proposed for New England are from USGS streamflow-gaging stations that have streamflows which are minimally affected by direct human watershed changes such as reservoir regulation and urbanization. The streamflow-gaging stations come from the Hydro-Climatic Data Network 2009 (HCDN-2009) subset of the USGS Geospatial Attributes of Gages for Evaluating Streamflow, version II (GAGES II), dataset (Falcone, 2011; Lins, 2012) . The HCDN-2009 designation in GAGES II provides a determination of watersheds for potential study of climate-related streamflow trends; these watersheds represent hydrologic conditions least disturbed by human influences (relative to other watersheds within 12 major ecoregions in the United States) and have at least 20 years of complete and continuous data through 2009.
In some cases, stations that do not meet all of the criteria used for the HCDN-2009 network were added to the New England climate-response network. Some of the HCDN-2009 criteria were related to water-quality criteria, and stations with Canadian drainage were not included because of the lack of basin data consistent with United States data. Active stations were added if they have had no known regular alteration of natural daily mean streamflow (high and low flows) from streamflow regulation, flow diversion or augmentation, surface-water or groundwater withdrawals, or known substantial changes in basin land use such as urbanization. Some stations with short records were added if they met this criteria and filled in gaps in spatial coverage or were important for specific reasons-for example, basins that contain important resources such as Atlantic salmon habitat and (or) Native American or U.S. Department of Interior or Agriculture lands.
Active stations in New England with 80-percent data completeness for each decade from 1960 to 2012 (11 of 13 years for 2000 to 2012) would be used to examine longterm changes in streamflow variables. Thirty-one streamflowgaging stations in New England met the criteria for minimal disturbance and long-term completeness ( fig. 6; table 3 ). Another 30 stations in New England met the criteria for minimal disturbance and have shorter or less complete records; these stations are included in the network for shortterm trend analysis (at least 30 years) and observation (less than 30 years) but are not used for long-term analysis until the criteria for long-term stations is met. It may be desirable for certain analyses to exclude nested watersheds in New England that have substantial shared watershed area. On the basis of minimally disturbed criteria, early years of data at two stations in Maine (Carrabassett River near North Anson prior to 1931 and Little Androscoggin River near South Paris prior to 1924) are not appropriate for inclusion in low-flow analyses, nor are data for a few days with unusual regulation at one station in Maine (Narraguagus River at Cherryfield in 1978 and 1985) . Although the majority of the streamflow-gaging stations proposed for the network ( fig. 6 ) are in the three northern New England states, efforts are being made by the USGS in southern New England, in partnership with cooperating agencies, to initiate or reactivate additional streamflow-gaging stations in minimally altered basins for eventual inclusion in the hydrologic climate-response network.
Groundwater
Groundwater is an important source of domestic water in northern New England, where more than 60 percent of domestic water comes from groundwater and 40 percent of the population is self-supplied by private wells (Kenny and others, 2009 ). Groundwater-level data have been collected by the USGS in New England for several decades; levels directly measure the availability of groundwater for human use and aquatic ecosystems. In general, the records are not as long or complete as those of streamflow. Historical groundwater records often exhibit monthly or longer sampling frequencies with fragmentary periods of record. As a consequence, it is challenging to meet record-completeness criteria necessary for long-term trend testing. A recent USGS study of groundwater-level trends in northern New England identified wells in Maine, New Hampshire, and Vermont that are minimally affected by human disturbance and thus suitable for a climate-response network. Screening criteria involved the review of well data (time-series plots) and analysis summaries published in annual USGS State Water-Data Reports for non-climate-related effects such as substantial water-use withdrawals or proximity to regulated surface-water bodies. Local USGS groundwater hydrologists were also consulted on the appropriateness of wells. Wells with levels deemed not to be predominantly natural were excluded. In a few cases, clusters of unaffected wells were built close to each other in the same aquifer and had highly correlated (R 2 > 0.80) records; in these cases only the well with the longest and most complete record was included. Using a criterion of a minimum of 10 years of data (which could be nonconsecutive), Dudley and Hodgkins (2013) identified 77 wells in northern New England that would be suitable for a climate-response network. For the current report, USGS groundwater specialists in southern New England went through a similar process to identify appropriate wells. For New England groundwater wells, a completeness criterion of 80 percent per decade yields 70 and 12 wells appropriate for short-term (30-year) and longterm (50-year) trend testing, respectively ( fig. 7; table 4 ).
Dudley and Hodgkins (2013) examined correlations of groundwater levels with precipitation and streamflow data and found that groundwater levels in May through August correlate strongly with annual (water year) streamflow ( fig. 8 , for example, from Dudley and Hodgkins, 2013) ; correlations of groundwater levels with monthly precipitation are less frequent and weaker. Correlations of groundwater levels with streamflow data suggest methods for leveraging the richness of historical streamflow data to extend the record of historical groundwater levels. Figure 7 . Groundwater wells in New England minimally affected by human disturbance. Wells have at least 50 years of records for long-term trend testing, at least 30 years for short-term trend testing, and fewer than 30 years for observations. See figure 3 for climate-response regions by color.
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climate-network criteria.
[See figure 7 Key variables for a groundwater network include the annual highest and lowest levels. The annual maximum groundwater level (most common in April) is a measure of recharge to the groundwater system and correlates strongly with April mean streamflow and winter-spring runoff volume (WSV); April mean streamflow and WSV are measures of water available for aquifer recharge in the spring from snowpack melt and rain. Dudley and Hodgkins (2013) used monthly data and did not observe a correlation between winter-spring runoff timing (WSCV date) and annual peak groundwater level. However, it is possible that analysis of groundwater-level data with a finer temporal resolution (for example, daily data) would show that the timing of the annual peak groundwater level correlates with the winter-spring runoff timing.
During the lowest groundwater conditions of the year, municipalities, individuals, and industries can encounter groundwater-supply challenges. The annual minimum groundwater level (most common in September) correlates strongly with August levels and August and September streamflows as well as with September base flow . These are all related metrics, as base flow from groundwater discharge typically composes a large portion of streamflow during July, August, and September.
The base-flow component of streamflow comes from groundwater and other delayed sources. Base flow is important to fish and other aquatic species. The USGS streamflowgaging stations identified for potential inclusion in a hydrologic climate-response data network and appropriate for the analysis of low flows (table 3) would be appropriate to use as input to an automated technique, such as HYSEP (Sloto and Crouse, 1996) , for separating base flow from total streamflow.
Lake Ice
The key historical measure of lake ice (and the only commonly available measure of lake ice in New England) is lake ice-out date-the annual date in spring when winter ice cover leaves a lake (Hodgkins and others, 2002; Hodgkins, 2013) . This is normally defined as the date at which substantial ice is no longer visible for a lake or the date at which a boat can traverse between set points. In Northern Hemisphere mid-latitude areas such as New England, ice-out dates can serve as useful indicators of late-winter and earlyspring climate change. A remarkable amount of lake ice-out data has been recorded and saved in New England during the past two centuries, mostly in northern New England. Lake ice-out dates for many lakes in New England have been compiled Hodgkins, 2010b) and analyzed (Hodgkins and others, 2002; Hodgkins, 2013) ; data from additional lakes have been recently compiled. There are 37 lakes that have at least 80-percent data completeness for each decade from 1960 to 2013 (11 of 13 years for 2000 to 2012). As of 2012, 5 lakes have 165 years or more of data, and another 14 have more than 110 years of data. Long-term lake ice-out data for many lakes in New England represent a unique hydroclimatic dataset that is useful for continued monitoring of hydrologic response to regional climate change. These lakes would be used in a hydrologic climate-response data network. An additional seven lakes with 30 to 50 years of record would augment the network for short-term trend analysis ( fig. 9 ; table 5). These lakes are appropriate for inclusion in the network on the basis of 80-percent data completeness for each decade from 1980 to 2013 (11 of 13 years for [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . Many more lakes in northern New England have short records or records with large gaps. These lakes could also be included in the network when their records approach useful lengths (and meet completeness criteria). Most of the lakes in this study are in rural areas (Hodgkins and others, 2002) . Lakes in the northern parts of Maine, New Hampshire, and Vermont generally drain remote, undeveloped forests. Lakes in more southerly areas of northern New England generally drain rural areas with forests, some low-density residential development, and small towns. Lake Auburn is near a relatively small urban area (Auburn, Maine); Houghtons and Ponkapoag Ponds outside Boston, Massachusetts, are near a large urban area. There are no lakes currently known with substantial amounts (more than 10 years) of ice-out data from nonurban lakes in southern New England. The ice-out dates for lakes near urban areas could be affected by urban heat-island temperature effects.
Ice-out definitions for individual lakes can vary over time and among observers (Hodgkins and others, 2002) . Twenty years or more of overlapping data from independent observers were available for six lakes. On the basis of this limited dataset, Hodgkins and others (2002) concluded that observer biases (different people on the same lake recording different ice-out dates for the same year) of more than 1 day are unlikely on relatively round lakes. In contrast, 3-to 4-day biases can occur on long, narrow lakes if the observation locations are on opposite ends of the lake. On two long, narrow lakes with north-south axes, the observer of later iceout dates was located at the northern end of the lakes. These observational biases could result in large biases in ice-out trends over time at individual lakes. At a large number of lakes, however, it is unlikely that observer-location biases would tend to bias trend tests in any one direction. For example, for a large number of lakes there is no reason to expect that people observed less recent ice-outs at the southern end of lakes and more recent ice-outs at the northern end of lakes.
Snowpack
Long-term snowpack data are mostly limited to Maine, but given its importance in New England hydrology, snowpack is included as a variable in the New England hydrologic climate-response network. The following text is from Hodgkins and others (2009, p. 13 Aziscohos Lake at Aziscohos Dam, ME 1,513 97
Big Wood Pond at Jackman, ME 1,161 92
China Lake at East Vassalboro, ME 194 86
Cobbosseecontee Lake near Winthrop Center, ME 164 171
Cold Stream Pond near Enfield, ME 190 67
Crystal Lake at Dry Mills, ME 308 53
Damariscotta Lake at Damariscotta Mills, ME 46 175
Embden Pond near North Anson, ME 413 88
Green Lake at Lakewood, ME 167 78
Kezar Lake near Lovell, ME 374 112
Lake Auburn at East Auburn, ME 259 170
Lake Wesserunsett at East Madison, ME 335 125
Maranacook Lake at Winthrop, ME 210 88
Moosehead Lake at Moosehead, ME 1,011 165
Mooselookmeguntic Lake at Upper Dam, ME 1,453 111
Nickerson Lake near Carys Mills, ME 377 64
Pennesseewassee Lake at Norway, ME 394 137
Portage Lake near Portage, ME 610 87
Porter Lake near New Vineyard, ME 633 74
Rangeley Lake at Oquossoc, ME people who live near streams, and many waterdependent industries need to know how much water to expect each year from snowmelt. Primarily for this reason, the Maine Cooperative Snow Survey Program, run jointly by the Maine Geological Survey (MGS) and the USGS, compiles snowpack data collected by the USGS, the MGS, the National Weather Service, electric-power utilities, waterpower companies, pulp and paper companies, and others on a regular basis (currently weekly, historically biweekly) in late winter and spring (Hodgkins and Dudley, 2006a) .
"The depth and water equivalent (the depth of water that would result if the snowpack were melted) of the snowpack have been measured at selected sites in Maine since the early part of the 20th century [Hodgkins, Dudley, and Loiselle, 2005] . Most of the sites are in flat or gently sloping areas of mixed hardwood and conifer forest. Measurements are not made near conifers. Most data are collected at locations with an elevation of less than 2,000 ft. Historical site information for the sites in this report is extremely limited. Some sites have been moved away from the local effects of development, extensive logging, or unacceptable amounts of conifer growth.
"Snowpack depth and water-equivalent data were analyzed for those sites with data spanning at least 50 years through 2004 (Hodgkins and Dudley, 2006a) . The exact date of sampling at a site varies from year to year. Data for a site commonly are not available for every year for a given sampling window. Sampling windows were defined as 15-day windows centered on February 15, March 1, March 15, April 1, April 15, and May 1. To be included for analysis, the sites were required to have at least 50-percent complete data for the first and second halves of their record for at least one sampling window. Thirty-seven sites in and near Maine met the described criteria. Historical snow depth and water-equivalent data for these sites are reported in [Hodgkins, Dudley, and Loiselle (2005) ] as follows:
"Because sampling windows were used, it is possible to have biased sampling over time at sites (Hodgkins and Dudley, 2006a) . If sampling tends to be earlier or later over time, any significant trends in the snowpack data could be the result of sampling bias. All data sets (individual sites for each applicable sampling window) that met the criteria for inclusion were tested for significant changes over time in the date of sampling. Data from many sites sampled during the March 1 sampling window were found to be biased, with many sampling dates 
Meteorological Stations
Precipitation and air temperature trends and variability are important to streamflow, groundwater, lake ice-out, and snowpack trends and variability. The relative influence of precipitation and air temperature varies by season. Many recent climate-change-related studies have made use of the U.S. Historical Climatology Network (USHCN) monthly dataset to analyze meteorological trends; the most recent dataset available is version 2 (Quinlan and others, 1987; Menne and others, 2009 ). The USHCN data are qualityassured and evaluated on the basis of record length and completeness; data are subject to time-of-observation bias adjustments (Karl and others 1986; Vose and others, 2003) , homogeneity testing, and adjustment procedures to account for non-climate-related changes in the record such as instrument and station location changes . Missing data are estimated by using weighted averages of highly correlated neighboring data. The 44 USHCN stations in New England are shown in table 7 and figure 11; stations have a minimum of 99 years of record through 2012 and are appropriate for the analysis of long-term trends.
Process-Based Studies
An important part of establishing a hydrologic climateresponse network in New England would be to identify basins that are appropriate for use in process-based studies designed to improve understanding of and predict hydrologic and ecosystem change. The combination of extensive historical hydrologic data, ecological data, and deterministic watershed modeling would greatly increase our understanding of the effects of climate change on hydrologic components and ecosystem health.
For each of the 14 lower tier regions in the proposed hydrologic climate-response network, a representative basin (in geology, land cover, and other characteristics) that has extensive historical data for multiple hydrologic components would be identified; potential sites are indicated in table 8 and The watershed models would be constructed by using the USGS Precipitation-Runoff Modeling System (PRMS; Leavesley and others, 1983; Markstrom and others, 2008) . PRMS is well suited for simulating runoff from rural basins and has been applied to many basins in the United States. PRMS is a deterministic, distributed-parameter modeling system. The model is deterministic in that it computationally incorporates multiple components of the hydrologic cycle as understood through known physical laws or empirical relations in hydrologic science. The modeled hydrologic relations are typically governed by quantifiable physical characteristics of the basin. Parameters describing the physical basin characteristics are assigned in a distributed fashion, representing the spatial variation (heterogeneity) in basin characteristics. In this manner, the model is designed to simulate the hydrologic system as realistically as possible.
The models would be calibrated to historical records. Calibrated watershed models provide simulated time series of daily streamflow for many locations throughout a basin. The models leverage limited streamflow-gaging-station data and provide a method for characterizing subbasin hydrology. An example of rainfall-runoff-model subareas for two basins in eastern coastal Maine (Dudley, 2008 ) is shown in figure 13 . The model explicitly simulates the physical processes of surface runoff, subsurface flow, and groundwater flow and processes affecting soil moisture, snowpack accumulation and melt, and evapotranspiration. This information would enable natural-resource managers to characterize the timing and quantity of water moving through the basin to support many endeavors, including geochemical calculations, water-use assessment, river biota population dynamics modeling, and habitat modeling and assessment. It would also allow scenario testing for interactions between climate change and changes in water use and land use.
Additional research would be conducted to improve understanding of processes such as soil moisture dynamics, groundwater/surface-water interactions, ice dynamics, and hydrologic/ecological interactions that are important to habitats and species. For example, with improved availability of groundwater data, PRMS could be integrated with the USGS groundwater model MODFLOW in an application called GSFLOW (Markstrom and others, 2008) to support investigations of basin-scale groundwater and surfacewater resources. Using models to characterize the relative contributions of surface water and groundwater to streamflow throughout the basin would lead to an improved understanding of water quantity and quality and the effects of future hydrologic changes on ecosystems in the basin. 
Summary
Seasonal, annual, and longer term variations in precipitation and air temperature can affect the timing and magnitudes of numerous hydrologic processes that, in turn, can affect human water supply, hydroelectric power generation, transportation infrastructure, and stream and riparian ecology. Recent investigations conclude that many different hydrologic processes in New England are sensitive to variations in precipitation and air temperature. Hydrologic variables such as peak flows, the timing of winter-spring flows, lake ice-out dates, snowpack, and groundwater levels have changed during the last century and are expected to change in the future. Many changes in winter and spring have been documented, and some changes in summer and fall and for annual flow variables have also been found. Observed trends during winter and spring are largely related to changes in air temperature because of the sensitivity of snowpack to air temperature changes in New England. Trends during summer and fall are largely related to changes in precipitation.
The framework for the New England climate-response network described in this report identifies specific inland hydrologic variables that are sensitive to climate variation; identifies geographic regions with similar hydrologic responses; proposes a fixed-station monitoring network that includes existing streamflow, groundwater, lake ice, snowpack, and meteorological data-collection networks for evaluation of hydrologic response to climate variation; and establishes potential streamflow basins for intensive process-based studies and for estimates of future hydrologic conditions.
The framework proposes that New England be divided into 14 regions that follow major river-basin boundaries, have relatively homogeneous climates, and contain network sites with similar values or trends in key hydrologic variables. Establishing the proposed network would require the identification of hydrologic components of interest (fluxes and storage compartments), the key variables that characterize each component, and a set of data-collection sites. Three criteria were used to identify key variables: the existence of long-term historical data, the expectation that a variable will be responsive to changes in precipitation and (or) air temperature during the next several decades, and the human or ecological importance of the component variables.
For the streamflow component, two key variables are proposed: winter-spring streamflow timing and the magnitude of the annual peak flow. Streamflow data proposed for New England are from rivers, monitored by U.S. Geological Survey streamflow-gaging stations, with streamflows minimally affected by direct changes to the watershed from human activities such as reservoir regulation and urbanization. Thirtyone streamflow-gaging stations in New England meet the criteria for minimal disturbance and long-term completeness (at least 80-percent data completeness for each decade from 1960 to 2013 (11 of 13 years for 2000 to 2012). Another 30 stations in New England meet the criteria for minimal disturbance and have shorter or less complete records.
Key variables for a groundwater network include the annual highest and lowest levels. For New England groundwater wells, a completeness criterion of 80 percent per decade yields 70 and 12 wells appropriate for short-term (30-year) and long-term (50-year) trend testing, respectively.
The key (and only commonly available in New England) historical measure of lake ice is lake ice-out date-the annual date in spring when winter ice cover leaves a lake. There are 37 lakes that meet long-term-completeness criteria (as defined in the previous paragraph). As of 2012, 5 lakes have 165 years or more of data, and another 14 have more than 110 years of data.
Key snowpack variables are the magnitude of latewinter water equivalent, depth, and density for selected dates. Twenty-three sites with long-term data for at least one late-winter sampling window were considered appropriate for a New England hydrologic climate-response network; data from these sites did not show significant sampling bias over time. It would be desirable to have additional snowpack sites outside of Maine, particularly in areas of regular substantial snowpack.
Precipitation and air temperature trends and variability are important to streamflow, groundwater, lake ice-out, and snowpack trends and variability. The relative influence of precipitation and air temperature varies by season. A network of 44 meteorological stations have a minimum of 99 years of record through 2012 and are appropriate for analyzing longterm trends.
An important part of establishing a hydrologic climateresponse network in New England is identifying basins that are appropriate for use in process-based studies designed to improve understanding of and predict hydrologic and ecosystem change. For each region in the proposed hydrologic climate-response network, a representative basin (in geology, land cover, and other characteristics) that has extensive historical data for multiple hydrologic components would be identified. A deterministic watershed model would then be developed for each of these basins (if not already completed). The models would then be used to improve understanding of hydrologic processes in basins (fluxes and storages), make streamflow projections, and provide input to ecological models.
This proposed framework for a New England climateresponse network lays a foundation for the organization of data-collection networks and climate-response regions and for the identification of key climate-related hydrologic variables. Ongoing and future analyses of hydrologic data are expected to inform improvements to the proposed framework.
